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ABSTRACT 
The  ultrastructure  of the  apical  zone  of lactating  rat  mammary epithelial  cells 
was  studied,  with  emphasis  on  vesicle  coat  structures.  Typical  40-60-nm  ID 
"coated  vesicles"  were  abundant,  frequently  associated  with  the  internal  fila- 
mentous  plasma  membrane  coat  or  in  direct  continuity  with  secretory  vesicles 
(SV) or plasma membrane proper. Bristle coats partially or totally covered mem- 
branes  of secretory vesicles identified  by their  casein  micelle  content.  This coat 
survived  SV  isolation.  Exocytotic  fusion  of SV  membranes  and  release  of the 
casein  micelles  was  observed.  Frequently,  regularly  arranged  bristle  coat  struc- 
tures  were  identified  in  those  regions  of  the  plasma  membrane  that  were  in- 
volved  in  exocytotic  processes.  Both  coated  and  uncoated  surfaces  of  the 
casein-containing vesicles, as well as typical "coated vesicles," were frequently as- 
sociated  with  microtubules  and/or  microfilaments.  We  suggest  that  coat  ma- 
terials  of vesicles  are  related  or  identical  to  components of the internal  coat of 
the  surface  membrane  and  that  new  plasma membrane  and  associated  internal 
coat is produced concomitantly by fusion and integration of bristle coat moieties. 
Postexocytotic association of secreted casein micelles with the cell surface, medi- 
ated by finely filamentous extensions, provided a marker for the integrated vesicle 
membrane.  An  arrangement  of SV  with  the  inner  surface  of the  plasma  mem- 
brane is described which is characterized by regularly spaced, heavily stained mem- 
brane  to  membrane  cross-bridges  (pre-exocytotic  attachment  plaques).  Such 
membrane-interconnecting elements may represent a form of coat structure impor- 
tant to recognition and interaction of membrane surfaces. 
The epithelial cell of the lactating mammary gland 
provides a unique  and favorable system for studies 
of  membrane  formation.  In  contrast  to  most 
secretory cells which produce membrane material 
to maintain a steady state, this cell accomplishes a 
considerable  net  synthesis  of surface  membrane 
material to replenish  the apical plasma membrane 
expended  in  envelopment  of  milk  fat  globules 
(MFG) during secretion  (9-11, 44, 58, 70, 77, 93, 
142,  151, 156, 160, 161). The  membrane  which 
envelops  MFG  is  biochemically  similar,  if  not 
identical  to  plasma  membrane  from  mammary 
gland  (26,  88,  122, 123, 151, 160). During  the 
period of maximal lactation,  it can be calculated 
that bovine mammary epithelial  cells must replace 
plasma  membrane  material  equivalent  to  their 
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from  data  in  44,  88,  123;  and  from  our  unpub- 
lished data).  Thus,  an  extraordinary high  rate  of 
plasma  membrane synthesis is  to  be expected in 
these cells.  We  have  thus  studied  the  fine  struc- 
ture of the apical zone of lactating rat mammary 
epithelial  cells  to  determine  whether  there  are 
specific morphological forms  of endomembranes 
which  are  involved in  continuous replacement of 
apical surface components. In particular, we have 
focused on the possible involvement of bristle coat 
structures  in  plasma  membrane  formation  (cf. 
reference 50). 
MATERIALS  AND  METHODS 
Chemicals were  purchased from Merck (Darmstadt) or 
Serva (Heidelberg);  osmium tetroxide was obtained from 
Degussa  (Hanau).  Sprague-Dawley rats,  17-26  wk  of 
age and mostly during the second parturition, were used 
between  the 7th  and  14th days of lactation. Pups were 
either removed from their dams immediately (a) or 2 (b) 
and 4 (c) h before sacrifice, or separated from dams for 4 
h and then returned and allowed  to suckle  for  1 2 min 
before sacrifice of the dams (d). Animals were sacrificed 
by  cervical  dislocation, and  small pieces  of mammary 
tissue  from the inguinal  glands were  removed immedi- 
ately  and  fixed  according  to  one  of  the  following 
schedules. 
I Initial fixation in 2.5% glutaraldehyde buffered with 
0.05  M  sodium cacodylate (pH 7.2) containing 50 mM 
KC1,  2.5  mM  MgCl~,  and  1.25 mM  CaC1,  at  room 
temperature or at  37~  for 30-60  min. Samples were 
then held in the cold (about 4~  for an additional  15 
min, washed  repeatedly with cold cacodylate buffer, and 
postfixed in 4%  aqueous osmium tetroxide for 4  h;  I1 
fixation  as  described under  1,  but  with  all  steps per- 
formed at 0 ~  7~  III fixation  as described under I, but 
without ions in the initial fixative solution;  IV fixation as 
under  II,  but  without  ions  in  the  fixative  solution;  V 
initial  fixation  in  a  freshly  prepared, cold  mixture  of 
osmium  tetroxide  and  glutaraldehyde  for  30  min  as 
described (54); VI  initial  fixation  in  freshly  prepared, 
cold mixtures of 0.55% glutaraldehyde and 3.6% osmium 
tetroxide without ions and then postfixation as under I; 
VII as described under VI, but with ions included  in the 
fixative solution  as indicated under 1; VIII intial fixation 
in freshly prepared, cold mixtures of 1.1% glutaraldhyde 
and 3.6% osmium tetroxide without ions; IX as described 
under VIII; but with ions included  as under I; X initial 
fixation in warm 2.5% glutaraldehyde with ions added for 
10  min,  followed  by  brief cooling (ice-bath  to  a  final 
temperature of 5~176  and addition of osmium tetrox- 
ide  to  a  final  concentration of  1.1%. After  a  further 
fixation period of 20 min the samples were processed as 
described under VIII  and  IX; XI fixation for  1-3 h in 
cold 4% osmium tetroxide buffered with sodium cacodyl- 
ate and with ions as under I; Xll fixation as under X, but 
at  room temperature. The simultaneous fixation proce- 
dures  (cf.  34,  54,  74,  152) which  apparently  do  not 
specifically  improve  the  preservation  of proteins (78) 
appeared  to  favor  the  preservation  of  large  lipidic 
structures and of the large  secretory vesicles which  are 
well known for their fragility  (76). 
Specimens  were  washed  with  distilled  water  and 
soaked overnight in aqueous  1% uranyl acetate at 4~ 
dehydrated in  graded ethanol solutions,  transferred to 
propylene oxide,  and embedded in Epon 812 (46, 102). 
Ultrathin  sections  were  double  stained  with  uranyl 
FIGURE  1 a-c  Electron micrograph presenting the apical cone arrangement in the lactating rat mammary 
epithelium cell. The lower region of this zone is usally occupied by a group of dictyosomes (D) constituting 
a Golgi apparatus (Fig.  1 a; cf. reference 110) and numerous, mostly peridictyosomal and relatively  large 
vesicles  (CV;  diameters  from  0.6  to  1.5  /zm; Fig.  1 a-c)  which  contain  structures  morphologically 
recognizable  as casein  micelles  (28, 32,  35,  141, 158, 159) and  resemble the "condensing vacuoles" of 
pancreatic acinar cells (79; cf. the "forming secretory vesicles" in reference 108, and the "'larger vesicles 
closely associated with dictyosomes" described in reference 20). Distal to the Golgi apparatus one usually 
observes an irregular accumulation of milk fat droplets (MFD. Fig.  1 a), small (inner diameters of 40-60 
nm) "coated vesicles," and casein-containing vesicles (e.g., arrows, upper left) which are usually somewhat 
smaller in  this region  than  the vesicles  occurring in  the vicinity  of dictyosomes (cf.  Fig.  3).  All these 
structures are contained in a  fibrillar-textured ground cytoplasm which appears to constitute a zone of 
exclusion  for mitochondria (a  rare exception is shown in Fig. 6 a), endoplasmic reticulum, and also free 
polysomes (for occasional exceptions, see  Fig.  2).  This  zone of exclusion  extends into the peripheral 
subsurface cortex which varies widely in thickness (from about 50 to 300 nm) and underlies the entire apical 
plasma membrane as well as large portions of the lateral cell surfaces.  The arrowheads in Fig.  1 a denote 
caps of bristle coat on surfaces of large casein vesicles (CF) which are shown at higher magnification in Fig. 
1 b and c (arrows). The arrowhead in Fig.  I b indicates one of the typical small "coated vesicles." Many 
casein  micelles are recognized  in the alveolar space (A). (a) x  25,000; (b) ￿  39,000; (c) ￿  54,000. Scales 
represent 1 um (a), 0.5 um (b), and 0.2 #m (c). 
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(prepared  according to  references  129  and  153) and 
examined in a Siemens Elmiskop 101  or Zeiss EM  10 
electron microscope. 
For preparation of a crude secretory vesicle fraction, 
pieces of lactating mammary tissue were incubated at 
room temperature in isolation medium (0.3 M sucrose, 
2% wt/vol purified gum arabic [reference 49], 30 mM 
Tris-maleate, pH 6.6, 1 mM MgCI2 and 1 mM CaCI2) 
and then homogenized in a Polytron PT 20 homogenizer 
(Luzern,  Switzerland)  at  low  speed. After  filtration 
through several layers of gauze cloth ~ the homogenate 
was centrifuged for 10 min at 1,000  g. The supernate was 
layered over a linear gradient of 25-50% sucrose (with 
gum arabic, buffer, and ions as in the isolation medium) 
and centrifuged in  swinging bucket rotors  for  3 h  at 
100,000 g. A crude secretory vesicle fraction, recovered 
near  the  tube  bottom,  was  fixed as  described under 
fixation  schedule  I,  collected by  centrifugation,  and 
processed for ultrathin sectioning. 
RESULTS 
General Organization of the Apical Zone 
Fine-structural features  of  the  apex  of  mam- 
mary  epithelial cells  during lactation  have  been 
described for a number of species in various stages 
of lactation (e.g., 7, 9  1  I, 21, 44, 68-70, 75, 77, 93, 
124, 125, 137, 142, 151,156, 158, 160, 161,162). In 
the fully lactating rat this apical zone is normally 
characterized  by  a  bowl-like cytoplasmic region 
confined basally by the nucleus and laterally by the 
densely stacked  rough endoplasmic reticulum. A 
typical survey is given in Fig.  I. The height of the 
apical cone and the cortex was somewhat variable 
from cell to cell and also varied in relation to the 
stage of lactation and the presence or absence of 
suckling stimulus before  sacrifice  of the animals 
(for details on ultrastructural changes in rat mam- 
mary  gland  with  respect  to  nursing stimuli,  see 
101,  124, 130). 
Occurrence of Bristle Coats on Secretory 
Vesicles 
Typical, small coated vesicles  without structur- 
ally distinct contents are commonly observed in a 
diversity of animal and plant cells (22,  24, 25, 27, 
33,  37,  43,  57,  61-64, 72,  81,  94,  114, 119, 120, 
135, 136, 146) and have b~en noted in some previ- 
ous  studies of lactating mammary epithelium in 
t Franke,  W.  W., T.  W.  Keenan, J.  Stadler,  E.-D. 
larasch,  R.  Genz, and J.  Kartenbeck. Submitted  for 
publication. 
both the apical (10, 28) and the more basal regions 
of the cells (11,  125, 160). With all fixation proce- 
dures used in this study and in all lactational stages 
examined, we found such  small coated vesicles to 
be abundant in the apical regions of the cells (Figs. 
I a, b, 3, 8f, 9 a). The origin, function, and fate of 
these  small coated  vesicles  is  unknown. In addi- 
tion,  many of the  casein-containing vesicles  had 
also a pronounced bristle coat which either covered 
the  entire  vesicle  circumference  traced  in  the 
specific  section  or  was  limited  to  parts  of  the 
vesicle surface (Figs.  1-3, 8 a-e, 9 d, h; as to the 
ultrastructure  of  casein  micelles,  see  references 
32,  35,  141, 159). The  relative  amount  of  the 
vesicle  surface which  was covered with the bristle 
coat was much higher in the smaller casein vesicles 
enriched at the cell  apex  in comparison with the 
larger  peridictyosomal casein  "vacuoles"  (Figs. 
1,  3,  and  8 a-e).  The  ultrastructure of the  coat 
was  virtually identical to  that  described  for  the 
typical  small  coated  vesicles  in  other  cell  types 
(22,  61-64,  72,  81,  136) and is  perhaps  best de- 
fined in terms  of length of the bristles or  ridges 
(140-200  ~)  which,  in  grazing  sections,  re- 
vealed a  hexagonal pattern (Fig. 9 d),  the lateral 
periodicity of the bristles (180 A) and the presence 
of  a  fine  thread  (about  40-A  thick)  which  con- 
nects  the  terminal  knobs  of  the  bristles  and 
ridges.  Direct  comparison  of  the  coat  structure 
in a small coated vesicle and in a casein secretory 
vesicle  is  shown  in  Fig.  3  b.  With  appropriate 
isolation  conditions,  the  coat  organization  was 
maintained in  isolated  casein-containing vesicles 
(Fig.  4;  for  isolated  small  coated  vesicles,  see 
references 81,  140). 
Formation of localized, small coated outpocket- 
ings from casein vesicle surfaces was also occasion- 
ally  observed,  suggesting  either  fusion  of  small 
coated  vesicles  with  smooth  regions  of  casein 
vesicles  (28),  or bleb formation of coated vesicles 
from the secretory vesicles. These two possibilities 
cannot be distinguished at present. 
Exocytotic secretion of casein micelles (Fig. 5 b) 
has been recognized previously (9  11,  14, 69,  70, 
75, 93,  157). In the context of the present study, we 
wish to emphasize that the coat pattern, or a fuzzy 
layer  which  is  probably derived  from  that  coat 
material,  was  frequently recognized  on  indented 
regions  of  the  apical  surface.  These  indented 
regions  represent  sites  of  exocytotic  release  of 
caseins  by  fusion  of  secretory  vesicles  with  the 
plasma membrane (Figs. 5 b, c, 6 a, b). This origin 
176  THE JOURNAL OF CELL BIOLOGY  .  VOLUME 69,  1976 FIGURE  2  Electron  micrograph  showing the cortical  region  of a  lactating epithelial  cell  as  it  appears 
outside  of the  apical  cone.  The  entire  apical  layer  is  characterized  by  the  presence  of a  filamentous 
subsurface web (note the occasional occurrence of polyribosomes in this zone as indicated by the arrow). 
Embedded  in  the microfilamentous network  are casein secretory vesicles (most of them  reveal a  bristle 
coat), microtubules (arrowheads), and the small typical coated vesicles sensu stricto. Note the filamentous 
linkage of the microbutules to  adjacent  membranes. MV,  microvilli; A,  alveolar  space; MFD, milk  fat 
droplet,  x  90,000.  Bar represents 0.5 #m. 175  THE JOURNAL OF CELL  BIOLOGY  ￿9 VOLUME  69,  1976 FIGURE  4  Appearance of isolated secretory casein vesicles (CVI-CV3) from rat mammary gland (crude 
fraction). Note the presence of casein micelles in these vesicles and the persistence of bristle coat regions 
which cover large (arrows) or small (arrowheads) membrane areas (compare, in particular, the two insets). 
Note also the indistinctiveness of vesicle membranes in some regions, perhaps indicative of a more fragile 
character,  x  57,000;  left inset,  x  55,000;  right inset,  ￿  60,000.  Bars represent  l gm and 0.2 #m (insets), 
respectively. 
of  surface  membrane  regions  by  insertion  of 
secretory  vesicle membrane  was  further indicated 
in  those  surface  regions  where  the attachment  of 
casein  micetles  via  fine,  root-like  extensions to  a 
more  or  less  distinctly  coated  section  of plasma 
membrane  was  revealed.  Since  such  membrane- 
casein connections were commonly observed in the 
usually somewhat eccentrically located  casein  mi- 
celles inside secretory vesicles (Figs. 5 b, 6 a, c,  11), 
it seems reasonable to interpret them as being due 
to  a  relationship  which  was  preserved  during  the 
extrusion  of casein micelles. 
In addition to the exocytotic transport of caseins 
into  the  alveolar  lumen  by  vesicle  fusion,  we 
observed  indications of a  different  mechanism  of 
casein  extrusion.  In  a  great  many  cells  bulbous 
protrusions of the apical surface which contained a 
casein vesicle and a small rim (16  35-nm broad)of 
FIGURE  3 a, b  Details of the upper part of the apical cone region as revealed in a slightly oblique section. 
Note the abundance of casein secretory vesicles which are clearly identified when their micellar contents are 
included in the section (arrows). Most of the surface area of these vesicles shows a typical bristle coat. Note 
also the presence of many small coated vesicles in this region. Fig. 3 b presents a direct comparison of three 
major vesicle types of this cell:  (i) smooth-surfaced Golgi apparatus-associated vesicles (G IO; (ii) coated 
casein secretory vesicles (ClO,  and typical small coated vesicles sensu stricto (arrow). A, alveolar space 
characterized by the presence of many free casein micelles; D, dictyosome. (a) x  65,000; (b) x  115,000. The 
bars denote 0.2 um (a) and 0.I/~m (b). 
FRANKE ET  AL.  Casein Secretion and Surface Regeneration  179 FIGURE  5  Sequence of apical secretory vesicles (SC) as revealed in the cortical cytoplasm ([a] sections 
somewhat oblique with  respect to  the cell surface) or during  the process of exocytosis (b, c).  Note the 
occurrence of prominent bristle coats in some of the membrane profiles (e.g., in the two lower vesicles of [a] 
and in [c]; the coat in the caveolar membrane in [c] is denoted by arrows) but not in others (upper vesicle in 
[a] and in the exocytotic caveola denoted by the arrow in [b]. The arrowheads in (b) point to some of the 
very  small,  frequently  coated  cortical  vesicles.  The  arrowheads  in  (c)  denote  regular  arrays  of  the 
(actin-like) microfilaments. (a)  x  135,000;  (b)  ￿  105,000;  (c)  x  135,000.  Bars indicate 0.1  t~m. FIGURE  6 a-c  Details of the apical subsurface region of lactating mammary epithelial cells. The whole 
plasma  membrane  is  lined  with  an  apparently  irregularly  coiled  microfilamentous web but  reveals  in 
certain limited regions, especially in secretory caveolae, the specific bristle coat appearance (denoted by the 
arrows in [a] and [b]). The microfilamentous material extends into the microvini (MV,  In, b]) and seems to 
connect apical vesicles ([c], and  the casein vesicle CV in the very left of [a]) with the inner aspect of the 
surface membrane. Note  also the rootlet-like connections (arrowheads) between casein micelles and the 
internal face of secretory vesicles (insert in Fig. 6 c) as well as the outer surface of the plasma membrane (a 
and  c).  Mi,  mitochondria; A, alveolar  space. (a)  x  59,000;  (b)  ￿  95,000;  (c)  x  105,000;  inset in (c)  ￿ 
150,000.  Bars denote 0.5 gm (a) and 0.2 ~m (b and c), respectively. FIGURE  7  a-c  Apical  cell  surface  of lactating  mammary  epithelial cells  in a  state  of almost collapsed 
alveolar spaces (A). Note, besides the usual subsurface association of casein secretory vesicles (CV) as seen 
in the very right of (a) and at higher magnification in (c) (note the attachment plaque), the occurrence of 
bulbous outpocketings of the cell surface which closely invest casein vesicles. The only other structures that 
are enclosed  in such surface blebs are the microfilaments (for higher magnifications,  see [b] and [c]). The 
situation  suggests  that  such  apical  bulbs  detach  from  the  cell  body  by  constriction  in  the  neck  region 
(indicated  by  the  arrow  in  [b])  and  give  rise  to  the  formation  of  milk  granules  that  contain  double 
membrane-bounded casein, a process that is similar to the formation of the milk fat globules. Such casein 
vesicle-containing granules that are obviously derived  from apical surface  are occasionally  found  in milk 
samples  (see  text).  The  arrow  in (c)  indicates a  bristle-coated  section  of apical  plasma  membrane.  ER, 
endoplasmic  reticulum. (a) 69,500;  (b, c)  x  115,000.  Bars indicate 0.2 #m. 
FIGURE  8  a-g  Electron  micrographs  illustrating  various  forms  of connections between  the  surface  of 
casein secretory vesicles (CV) and the inner aspect of the apical plasma membrane.  Frequently, the bristle 
coat of the secretory vesicle seems to be interrupted at the apical pole (a-d). The situation suggests that the 
bristle coat  structures disintegrate  and  merge  into the microfilamentous  web of the cell cortex (b and c; 
see in particular the site denoted by the arrows in the relatively thick--golden interference colormsection in 
[d] and the apical poles of vesicles CVI and CV2 in [g]). Also, cortical microfilaments occurring singly or in 
bundles are frequently seen to abut tangentially upon large (CVin [c]) or small (]) vesicles. Close membrane 
to membrane approximation (denoted by the pairs of arrows in [c], If], and [g]) is often characterized by the 
formation of vesicle to surface pre-exocytotic attachment plaques (PAP; see [/] and [g]). The arrow in the 
bottom part of [f] denotes one small coated vesicle sensu stricto. A, alveolar space; MV, microvilli. (a)  x 
125,000;  (b)  x  105,000;  (c)  x  88,000;  (at)  x  125,000;  (e)  x  95,000;  (/)  x  88,000;  (g)  x  135,000.  Scales 
represent 0.1 #m. 
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mentous  arrays,  were  noted  (Fig.  7).  The  occa- 
sional occurrence of such surface-derived droplets 
containing casein vesicles in freshly collected  rat, 
cow, and human milk samples (101; cf. references 
12,  150,  163) suggests that these formations repre- 
sent an alternate route for casein release. 
Attachment of Casein-Containing  Vesicles to 
the Plasma Membrane 
Both coated and uncoated regions of casein-con- 
taining vesicles were  frequently identified in close 
association  with  microfilamentous  structures  of 
the apical ground cytoplasm (Figs. 2, 3, 6 a, c, 8, 9 
a,  10).  Such  intimate  relationships  between  the 
microfilamentous network of the cytoplasmic ma- 
trix and the typical small coated vesicles have been 
noted in other cell types (for special hypotheses on 
the  origin  and  functions  of  this  relationship, 
see  references  62-64).  Frequently,  direct  con- 
tinuity of the  fuzzy coats  of the  vesicles and the 
inner side of the plasma membrane was suggested 
(Figs. 8 b-d, g,  10 e). Occasionally, special strands 
of cortical microfilaments appeared to abut on the 
surface of casein vesicles, mostly tangentially, and 
to separate the vesicles from the plasma membrane 
(Figs.  8  e-g).  With  many  vesicles,  on  the  other 
hand, both the microfilamentous material and the 
vesicle  surface  coat  appeared  to  be  partially  re- 
moved  at  their  luminally oriented  poles  (Figs.  8 
b-d), similar to the situation noted with secretory 
vesicles in a variety of cell types (119; for reviews 
on  the  fuzzy  coat  barrier  hypothesis,  see  also 
references  3,  39,  104).  Most  secretory  vesicles, 
however, showed a different form of attachment to 
the  cell  surface  (Figs.  8  f,  g,  9  a-i,  10  e).  A 
conspicuous  intermembrane  attachment  plaque 
appeared  to  connect  the  vesicle  with  the  corre- 
sponding area of the plasma membrane at a rather 
constant  membrane  to  membrane distance.  This 
plaque was made up of a  series (1-10 per plaque) 
of heavily stained cross-bridge elements (12-15 nm 
long  and  9-12  nm  wide)  which  were  regularly 
spaced  with a  lateral  periodicity of about  18  nm. 
Occasionally, the individual cross-bridge elements 
were  not  clearly  resolved.  This  might  be  due  to 
their  oblique orientation in  the  section  or  might 
represent stages of disintegration of these elements 
during or before  membrane fusion. These  plaque 
structures, which to our knowledge have not been 
reported  for  any exocytotic  vesicle-surface mem- 
brane association (however,  see plate  20 f  of ref- 
erence  138),  resemble  other  forms  of intermem- 
brahe cross-bridges which  we have described ear- 
lier for  a  variety of membrane relationships (52, 
53, 56).  it may be that such structures represent a 
special (perhaps  artificially induced) organization 
of membrane-associated coat material and that the 
coassembly of coat  structures  of both  the vesicle 
and plasma membranes contributes to recognition 
and specific interaction of two different membrane 
faces.  Interestingly,  bristle  coat  structures  are 
usually less frequent or less developed in the other 
regions of such surface membrane-associated vesi- 
cles. 
Association  of Casein  Vesicles with 
Microtubules and Microfilaments 
Microtubules are prevalent in mammary epithe- 
lial cells, particularly in the apical regions (Figs. 9 
a,  10 a; reference 125). With respect to orientation, 
two  different  classes  of  microtubules  may  be 
FIGURE  9 a-i  Details of the attachment plaques of casein vesicles and apical surface membrane. Fig. 9 a 
and b present typical cell cortex  surveys  and illustrate the frequency  of the pre-exocytotic  attachment 
plaques (PAPs; denoted by the arrowheads  in Fig. 9 a-i). Such PAPs are noted with casein vesicles of all 
size  classes  and  are  characterized  by  the  presence  of either  a  relatively  indistinct, heavily  stained 
intermembranous matrix, or regularly  spaced, membrane to membrane cross-bridge elements (e.g., [c  e]; 
for detailed description  see text). The number of identifiable membrane linkages as well as the whole size of 
the PAP is variable (compare,  e.g., the PAPs shown in Fig. 9 c and 9 e). Note that vesicles showing PAPs 
sometimes reveal bristle coats in other regions (e.g., Fig. 9 d and i; see also the arrows in Fig. 9 e). Note 
further the abundance of small coated  vesicles sensu stricto (some are denoted, e.g., by arrows in Fig. 9 a 
and by the triple arrowhead  in the very left of Fig. 9 d), microtubules (some are denoted by the circles in Fig. 
9 a; see also the arrow in Fig. 9 c), and microfilaments (revealed in cross sections, e.g., in the surface ridge 
denoted by the arrow in [d]). A, alveolar space; CV, casein vesicles; N, nucleus. The situation shown in Fig. 
9  h  might suggest  that  a  polar differentiation of vesicle coat  material (arrow)  takes place  before  the 
formation of a PAP. (a)  ￿  55,000; (b)  ￿  69,000; (c, a  t) x  1  I0,000; (e)  ￿  100,000; (/)  ￿  105,000; (g) x 
l l0,000; (h)  ￿  95,000; (0 x  75,000. Bars denote 0.2 um. 
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and microfilaments as revealed in the apical zone of the lactating rat mammary epithelial cell. Microtubules 
are abundant in the whole apical region, especially in the cortex itself, and usually occur singly (arrows and 
arrowheads  in Fig.  10 a-e).  Intimate associations with casein secretory  vesicles are frequently observed 
(Fig.  10 b-d) and might sometimes be mediated by fine, filamentous, lateral linkages (see, e.g., Fig.  10 e). 
Close associations between the casein vesicles and microfilaments  are also common (e.g., as denoted by the 
arrows  in [f] and [g]). The brackets in Fig.  10 a demarcate a surface  membrane area that shows a fuzzy 
coat on its inner aspect.  Mi, mitochondria; A, alveolar space; MV, microvillus.  (a,  b) x  65,000; (c)  x 
60,000; (d) ￿  85,000; (e) x  90,000; (]) ￿  80,000; (g) ￿  85,000. Scales  indicate 0.2 urn. 
distinguished, namely (a) those which are oriented 
nearly parallel to the apical surface (Figs. 9 a,  10 a, 
e),  and  (b)  those  which  have  a  more  polar  (i.e. 
axial)  orientation.  Both  smooth  and  coated  sur- 
faces  of  casein-containing  vesicles  were  closely 
associated with microtubules, and this association 
was seemingly mediated by 6-30-nm long filamen- 
tous  bridge  connections  (Figs.  2,  9  c,  10  b-e). 
Similar microtubule interactions with cytoplasmic 
vesicles  and  cisternae  have  been  described  in 
various other cell types (2,  8,  17, 47, 48,  51,  117, 
132,  134,  145,  147).  Frequently,  two  or  more 
casein  vesicles  were  associated  with  the  same 
microtubule (Fig.  10 b, c). 
The  cytoplasm  of  the  apical  cone  and  the 
cortical  region  continuous  with  this  zone  was 
abundantly packed  with  microfilamentous struc- 
tures which occurred either in bundles (Fig. 8./) or 
as  single filaments (Fig.  10 f, g).  Such  microfila- 
ments occurred  in an especially dense and  some- 
times paracrystalline packing at the inner face of 
the plasma membrane and in the microvilli (Figs. 5 
c,  6  a-c,  8 f,  9  a,  d,  10 e).  Close  association  of 
vesicles,  including casein vesicles,  with  microfila- 
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frequently observed to abut tangentially the vesicle 
surface and bristle coat (Figs. 3, 8 e,f, lOf, g). Our 
observations  suggested  an  intimate  connection 
between the microfilaments and the fuzzy coats of 
both  the vesicles and  the  plasma  membrane,  thus 
resembling  the  connections  of  (actin-like)  mi- 
crofilaments  to  vesicle membranes  seen  in  other 
FIGtJgE  11 a, b  Electron micrographs of the apical zone (Fig. 11 a) and the periphery of an intra-alveolar 
milk fat globule (MFG, Fig.  I 1 b) demonstrating that during the formation of the milk fat globule the milk 
fat droplet (MFD in [a]) does not come into direct contact with the inner aspect of the plasma membrane 
but remains spaced  from it, over most of the surface,  by the plasma membrane-associated microfilamen- 
tous web material (arrows in Fig.  11  a  and  arrowheads  in Fig.  11  b). This plasma membrane-associated 
fuzzy coat material then frequently condenses and may appear in the form of somewhat regularly arranged 
knobs (see, e.g., arrowheads in [b]). Note also the rootlet connections between casein micelles and the cell 
surface (indicated  by arrowheads in Fig. 11 a and by the arrow in Fig.  11 b). A, alveolus; CV, casein vesicle. 
(a)  x  85,000; (b)  ￿  190,000.  Bars represent 0.5 tam (a) and 0.1 tam (b),  respectively. 
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133). 
Association of Internal Plasma Membrane 
Coat Structures with the Milk Fat Globule 
Membrane 
During the process of milk fat globule discharge, 
the cytoplasmic milk fat droplet is pressed against 
the  cell surface,  causes the  surface to  bulge out- 
ward, locally alters the surface membrane plastic- 
ity, and finally detaches by pinching off as a result 
of plasma membrane  rupture and  refusion in the 
neck region. Such fat droplet-containing, surface- 
derived blebs may also contain a variable portion 
of apical cytoplasm (for references, see introduc- 
tory  paragraphs).  We  noted  that  in  the  forming 
milk  fat  globule the  fat  droplet in  most  regions 
does  not  directly  contact  the  inner  face  of  the 
plasma  membrane,  but  rather  is  separated  from 
this membrane  by the membrane-associated coat 
material with a minimum distance of about 10 nm 
(Fig.  I1;  see  also  references  161  and  160). This 
seemingly argues against the hypothesis (122) that 
"the forces promoting the envelopment of the fat 
droplet by the plasma membrane are primarily the 
London dispersion forces attracting the membrane 
to  the  droplet."  During  the  process of milk  fat 
globule secretion,  and  further  in  the expelled fat 
globules observed in  alveoli, this layer of plasma 
membrane  coat  material  becomes  strongly  con- 
densed  and  reveals  both  an  increased  staining 
intensity and  a  somewhat regular subunit pattern 
(Fig.  I1  b).  In  alveolar  fat  globules,  and,  in 
particular, in  freshly obtained milk samples, this 
inner surface coat-derived material remains associ- 
ated  with  the  milk  fat  droplet  surface,  even  in 
regions  where  the  plasma  membrane  proper  has 
become  disintegrated  or  delaminated.  This  re- 
tained inner coat material appears to be identical 
to  the "zone  of dense material" or "cytoplasmic 
layer" described by Wooding (161,  160). 
DISCUSSION 
Involvement  of  coated  vesicles  in  membrane 
translocations has  heretofore  been  demonstrated 
with clarity only in endocytotic processes, primar- 
ily  by  the  use  of  exogenously  added,  electron- 
dense labels, the uptake of which could be directly 
demonstrated  (6,  36-38,  41,  43,  57,  60,  72,  94, 
119,  135, 136, 146).  The  involvement  of coated 
vesicles in  exocytotic transport has recently been 
indicated for the formation of new plasma mem- 
brane during plant cell division (50, see also  ref- 
erence 7 I). The question as to whether bristle coat 
structures might also be involved in translocations 
of  secretory  vesicles  has  been  raised  repeatedly 
(20, 27, 47, 50, 71,  115, 118), but this question has 
remained unanswered due to the absence of identi- 
fiable  secretory  contents  and  bristle  coat  struc- 
tures  in the same vesicles. Relatively small areas 
of coat  structures  have  been  noted  in  the juxta- 
dictyosomal  "condensing  vacuoles"  of  pancrea- 
atic  (79,  118) and  hepatic  (82)  cells.  However, 
these structures have not been reported in typical 
secretory vesicles. Micrographs presented  in  this 
paper  illustrate  the  existence  of  typical  bristle 
coats in secretory vesicles with a  morphologically 
identifiable content.  We thus conclude that bristle 
coat structures are not indicative, per se, of endo- 
cytotic translocations but also occur on secretory 
vesicles.  Perhaps  such  structures  are  manifest 
only  transiently, during  migration  of vesicles to 
sites of exocytotic discharge, and  may be absent 
during  periods of vesicle storage (see  comments 
in  reference  118; a  coated  appearance is also in- 
dicated in  the  Clara  cells of rat  bronchioles, see 
Fig.  11  in reference 92). 
We  believe  that  the  highly  ordered  arrays  of 
bristles and  ridges of the  coats on  plasma mem- 
branes and vesicles are true, membrane-associated 
entities of a  probably proteinaceous nature  (see, 
however,  62  64).  Speculations  on  the  chemical 
nature and physiological roles of bristle coats have 
recently been summarized (50).  On the basis of the 
finding that  the  fuzzy coats of the plasma mem- 
brane contain both  actin and  myosin (18,  19,  30, 
31, 39, 59, 65, 66, 80,  103, 111, 126, 127, 143), and 
in view of the close association of the coat bristles 
with  the microfilaments (95;  and  references cited 
above), one is led to suggest that this vesicle coat is 
structurally  and  functionally  integrated  into  the 
actomyosin  system  and  provides  motility forces 
and/or guide elements for vectorial translocation 
(see  also  references  51  and  127). We  view  the 
bristles as being enriched in  myosin-like proteins 
which  intimately interact with  both the actin-like 
microfilaments  and  tubulin  (for  references  on 
membrane-associated  tubulin,  see  references  18, 
91,  148). The demonstrated effects of colchicine on 
a  variety of secretory processes (40, 96,  113, 116, 
128,  149),  including  lactation  (121),  implies  an 
interaction of secretory vesicles with microtubules. 
Although the relationship of coat structures to the 
secretory  vesicle-surface  membrane  attachment 
plaques (PAP) described herein  is not clear, it is 
188  THE JOURNAL  OF CELL BIOLOGY  .  VOLUME 69,  1976 tempting to  speculate that  both  arrays  represent 
different forms of similar, perimembranous struc- 
tures.  Interestingly, the  arrangement of the PAP 
closely resembles the organization of the "neuro- 
stenin" complexes as hypothesized for the associa- 
tion  of  synaptic  vesicles  with  the  presynaptic 
plasma membrane (16). While in some vesicles the 
coat material seems to be involved in PAP forma- 
tion (e.g.  Fig. 9 h), other vesicles  show an absence 
of bristles in the  plasma membrane contact area 
(e.g.,  Fig.  8  c-e).  Therefore,  the  involvement of 
coat structures in membrane contact does not seem 
to  represent  an  obligatory  transition  stage  of 
exocytosis. 
Our observations suggest that large areas of the 
apical plasma  membrane are  produced  from  the 
incorporation of membrane and  associated  coat 
material  of the  casein-containing vesicles  in  ac- 
cordance with the membrane flow concept, which 
predicts a  contribution of secretory vesicle  mem- 
brane to the formation and regeneration of plasma 
membrane. Several  papers  presenting arguments 
for (4, 5,  15, 55, 73, 83,  108-110, 131) and against 
(45,  106, 107, i18,  155) this concept  have  been 
published.  In  particular,  it  is  supported  by  the 
recent demonstration of true  membrane integra- 
tion of secretory products such as immunoglobu- 
lins (29, 67, 89,  154) and procollagen (42,  116), as 
well  as  by  studies  on  the  formation  of  viral 
envelope glycoproteins (97).  This concept is espe- 
cially attractive  for  explaining the  extensive net 
production of plasma membrane of the lactating 
mammary  epithelial  cell.  In  fact,  the  simplest 
mechanism for replenishment of the plasma mem- 
brane that is lost from the cell during envelopment 
of the fat globule would appear to be incorporation 
of  casein  secretory  vesicle  membrane  into  the 
plasma membrane. Biochemical studies of mam- 
mary  gland  fractions  also  favor  the  concept  of 
membrane flow  (84-88,  123). In  addition to  the 
morphologically recognizable casein micelles, evi- 
dence that these mammary secretory vesicles  also 
serve as  vehicles  for the cellular discharge of the 
lactose  (23,  86,  99,  100), water  (100),  and  cer- 
tain of the  inorganic ions (13,  98,  100, 144) has 
been presented. Important to the concept of secre- 
tory  vesicle  membrane  addition  to  the  apical 
plasma  membrane is  our demonstration that  not 
only the plasma membrane but also the associated 
fibrillar material is lost with the milk fat globule 
(for polypeptide patterns, see reference  105). This 
leads to the conclusion that the cell must accom- 
plish extensive and coordinated production of both 
the  surface  membrane and the  microfilamentous 
terminal web. 
Note Added in Proof'.  After completion of this manu- 
script we learned of an earlier article in which it was 
hypothesized that  "coated  vesicles play a  role in the 
formation  of intercellular junctions"  (Sheffield, J.  B. 
1970.  Studies  on  aggregation  of  embryonic  cells: 
initial cell adhesions and  the  formation  of intercellu- 
lar junctions. J.  Morphol.  132:245-264). The associa- 
tion of actin and myosin with a secretory vesicle mem- 
brane  has  recently been reported for  the  chromaffin 
granules  from bovine adrenal  medulla (Burridge, K., 
and  J.  H.  Phillips. 1975. Association  of  actin  and 
myosin  with secretory granule  membranes.  Nature 
(Lond.). 254:526-529.). 
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